We documented hypotheses on the evolution of developmental heterochronies by estimating short-and longterm advantages of alternative morphs. In this respect, we compared food energy intakes and body condition between paedomorphic and metamorphic Alpine newts (Triturus alpestris, Caudata, Amphibia) in four populations. Because we found a strong correlation between fat reserves and body condition, we used this last parameter as an indicator of long-term gains. In all studied sites, paedomorphic females showed higher body condition than metamorphic ones. Paedomorphic males were also at advantage in two populations. Paedomorphs exhibited higher energy intakes than metamorphs in two populations and similar gains in two others. Our results support unifying theories that predict the occurrence of facultative paedomorphosis in varied habitats as paedomorphs exhibited better energy balance than metamorphs. This work shows the need for considering integrative parameters such as body condition in the comparative study of performances when studying developmental heterochronies.
Introduction
Developmental heterochronies such as paedomorphosis (retention of ancestral subadult traits in adult individuals) are suspected to play important roles in micro-and macro-evolutionary processes (Gould, 1977; McKinney & McNamara, 1991) . In this respect, heterochronic modifications of ontogenetic pathways are assumed to produce new morphotypes able to occupy adaptive peaks that differ from those of ancestral morphs (McKinney & McNamara, 1991) . Developmental heterochronies originate in processes of phenotypic plasticity. Plasticity is an adaptive response to environmental variability that allows a genotype to cope with a broader range of ecological conditions, particularly in heterogeneous and unstable habitats (Bradshaw, 1985; Schlichting, 1986; Scheiner, 1993) . Because plasticity produces phenotypic variation which is exposed to natural selection, the interplay between plasticity and selection may secondarily lead to differentiation of innovative life history tactics such as the appearance of new morphotypes able to build new ecological niches. However, only few empirical studies (Stanley, 1972; McNamara, 1983; Mckinney & McNamara, 1991) actually support such theoretical considerations.
Heterochronic processes have been described in such different groups as mammals (Shea, 1983) , birds (Livezey, 1992) , amphibians (Wilbur & Collins, 1973) , fishes (Meyer, 1987) , insects (Leclerc & Regier, 1990) , molluscs (Stanley, 1972) , brachiopods (McNamara, 1983) , and hydroids (Blackstone & Buss, 1993) . Despite occurring frequently, the evolution of new morphotypes has not given rise to many explanatory models (Schlichting & Pigliucci, 1998) . Wilbur & Collins (1973) and Whiteman (1994) have proposed optimality models to explain and predict paedomorphosis occurrence in newts and salamanders. In these amphibians, the differentiation of several families (Proteidae, Necturidae and Sirenidae) is suspected to have resulted from paedomorphic processes. Facultative paedomorphosis is commonly observed in present populations of newts or salamanders that are composed of both paedomorphic and metamorphic individuals. In such populations, paedomorphic individuals retain most of the larval somatic characters (e.g. gills and gill slits) when reaching sexual maturity (Gould, 1977; Semlitsch & Wilbur, 1989 ).
Facultative paedomorphosis makes it possible to investigate cost-benefit implications of heterochronic plasticity in natural populations (Whiteman, 1994; Ryan & Semlitsch, 1998) . Evolutionary models primarily assume that metamorphosis is bypassed when the aquatic habitat is more favourable than the terrestrial environment (Wilbur & Collins, 1973; Werner, 1986; Whiteman, 1994) . Fast growing larvae would then mature before undergoing me-The present pdf is the author postprint (i.e., post-refereed version of the manuscript). The paginated published pdf is available in an institutional repository (http://hdl.handle.net/2268/2974) and in the publisher website (http://dx.doi. org/10.1046/j.1095-8312.2002.00095.x).
Biol. J. Linn. Soc. 77 (2002 ): 105-112 DOI: 10.1046 /j.1095 -8312.2002 tamorphosis, thus taking advantage of the aquatic habitat in increasing the length of their reproductive lifetime ('paedomorph advantage hypothesis'). Nevertheless, paedomorphosis also occurs in habitats that do not fit this pattern. Whiteman (1994) therefore proposed an alternative model, which predicts that paedomorphosis is the only ontogenetic outcome for the slowest-growing larvae in an unfavourable aquatic habitat where they cannot support the costs of metamorphosis before wintering ('bestof-a-bad-lot hypothesis'). The early maturation of paedomorphs (Ryan & Semlitsch, 1998; Denoël & Joly, 2000) and the high incidence of paedomorphosis in permanent waters where density is low (Harris, 1987; Semlitsch, 1987; Semlitsch & Wilbur, 1989) and prey availability high (Denoël & Poncin, 2001 ) support the first hypothesis. In contrast, the slowest growth of paedomorphs in permanent lakes supports the alternative hypothesis (Whiteman, Wissinger & Brown, 1996) . High frequency of paedomorphic newts or salamanders in cold, high elevation lakes (Sprules, 1974; Bizer, 1978) might also be consistent with this hypothesis because larval growth is slowed down by low temperatures and metamorphosis is constrained by a short active period.
In populations with variations in body size, the best of a bad lot hypothesis can explain how paedomorphosis can appear and persist in populations that experience harsh aquatic conditions. In addition, advantages gained later in life could favour the larvae involved in such an ontogenetic pathway as such phenotype-environment interactions may influence fitness in a great variety of ways. In the present paper we will suppose that the advantages of paedomorphosis lie (i) in the avoidance of the costs due to habitat switching and migration; (ii) in the access to new feeding resources that promote niche partitioning, thus reducing competition between morphs (Fasola, 1993; Whiteman et al., 1996; Denoël & Joly, 2001a,b) .
Measures of short-and long-term cost-benefit balance of each alternative ontogenetic pathway are needed to evaluate the relevance of these hypotheses and to identify the mechanisms underlying the maintenance of heterochronic polymorphisms in natural populations. In this respect, the aim of this study was to compare lipid contents, body condition, and food energy intakes of syntopic paedomorphic and metamorphic Alpine newts in several populations.
Material and methods

Study sites
We studied four populations of the Alpine newt Triturus alpestris (Laurenti, 1768) located in France, Italy and Greece (Table 1) . These aquatic sites were selected because they contain large populations of newts composed of the two heterochronic morphs. In all these sites, paedomorphs and metamorphs can be found during the whole reproductive period, which lasts a few months after winter thawing.
Sexual activity and egg laying occur synchronously in the two morphs for a few months (Miaud, 1990; Denoël, 2001) . Paedomorphs outnumbered metamorphs in sites A and D, but the inverse was observed in sites B and C (Denoël, 2001) .
Sampling and identifi cation
Adult newts of both morphs were sampled in water by dip-netting from a boat, from the shore, and by scuba diving. Samples were collected during the beginning of the active period: June 1997 at site A, April 1997 at Site B and July 1999 at sites C and D. Sex and maturity stage were established according to the shape of the cloaca (swollen and smooth in males; small, long and striated in females; a simple slit in juveniles). Morph type was determined by presence or absence of gills and gill slits in adult newts (Denoël, Poncin & Ruwet, 2001b) .
Body condition, metabolite assays and energy intakes
Immediately after capture, we anaesthetized the newts with phenoxy-ethanol (immersion in a 0.5g/L solution). We then measured snout-vent to the nearest 1 mm and body weight to the nearest 0.1 g. Body condition was estimated by the residuals of the regression of log(body mass) on log(snout-vent length) (Jakob, Marshall & Uetz, 1996) . Samples consisted of 223 newts at site A, 253 at site B, 180 at site C and 422 at site D.
We extracted stomach contents by stomach flushing and stored them separately in 4% formaldehyde (223 newts at site A, 254 at site B, 184 at site C and 329 at site D). Prey were identified and measured (total length). Their energy content (in Joules) was then estimated using specific relationships between size and weight, and specific relationships between weight and energy contents (Cummins & Wuickeck, 1971; Jorgensen, 1979; P. Joly, unpublished data) . Metabolite assays were established to validate measures of condition as an indicator of fat reserves and thus of long-term gains. To estimate body contents of stored fat, we deep-froze nine females of each morph from site A in liquid nitrogen and stored them in closed vials at −30 °C. The frozen tissues of the whole animals were homogenized (using an Ultra-Turrax) in 60 mL of 2 : 1 chloroform/methanol solution. Whole body total lipids and triglycerides were extracted from tissues according to Barnes & Blackstock (1973) and Hervant, Mathieu & Durand (2001) . We weighed total lipids in tarred vials, and measured the contents in triglycerides using specific test-combinations (Boehringer-Mannheim). All assays were performed in a recording spectrophotometer (Beckman DU-6) at 25 °C. The accuracy of each analysis had been previously tested by assaying the samples with and without an added internal standard. The sensitivity of the assays was approximately 1 μmol g−1 dw for all metabolites. We performed t-tests to compare lipid/triglyceride contents and body condition between paedomorphs and metamorphs. A two-way anova was performed to test the respective effects of morph, sex, and their interaction on energy values (Zar, 1996) . Post-hoc LSD tests were computed to compare energy values between morphs within each sex (Day & Quinn, 1989) . All statistical tests were two-tailed. Data were log-transformed to assure linearity between variables and to fit the conditions of anovas and regressions. Logarithms (base 10) of lipid, triglyceride and energy intake values were weighted by the logarithm of snout-vent length to get values independent of the size of the individuals. We accepted a maximum Type 1 error risk of 0.05.
Results
Lipid contents (log[lipid mass]/log[snout-vent length]) were significantly higher in paedomorphs (mean ± SE =−0.606 ± 0.020 g) than in metamorphs (mean ± SE =−0.754 ± 0.018 g) (t 16 = 5.363, P < 0.001). Triglyceride contents were significantly higher in paedomorphs (mean ± SE = 0.552 ± 0.026 mmol) than in metamorphs (mean ± SE = 0.353 ± 0.019 mmol) (t 16 = 6.177, P < 0.001).
Each regression of lipid and triglyceride contents on body condition was significant (Y =−0.680 + 0.879x, r = 0.723, t 16 = 4.190, P < 0.001 and Y = 0.453 +1.056x, r = 0.674, t 16 = 3.653, P < 0.01, respectively), allowing the use of body condition as a suitable predictor of lipid and triglyceride contents.
The slopes of the regression of mass on snoutvent length did not significantly differ between the two morphs within sex and within population (t-test), except for males at site D (t 183 = 3.111, P < 0.01; Fig. 1 ). At this site, the slope of the regression was higher in metamorphs than in paedomorphs. Body condition scores were significantly higher in paedomorphs than in metamorphs for each site and sex (t-test, P < 0.05), but no significant difference was found for males at sites A and B (P = 0.14 and P = 0.05, respectively; Table 2 , Fig. 1) .
Morph had an overall significant effect on the energy content of the stomach at all sites except site D, with higher energetic contents of the stomach in paedomorphs (Table 3) . Sex had a significant effect only at site B, and the interactions between morph and sex were never significant. Paedomorphic females had stomach contents of significantly higher energetic value than metamorphic females at sites B and C. In males, significantly higher energy intakes were only detected in paedomorphs at site B (Fig.  2) .
Discussion
Because of the positive relationships between fat contents (triglycerides and whole lipids) and body condition, body condition can be used as a reliable estimation of the storage of biological fuels. The amount of biological fuels has been proven to be positively correlated with clutch size (Scott & Fore, 1995) and survival (Jiang & Claussen, 1992; Pinder, Storey & Ultsch, 1992) in urodele amphibians. Paedomorphic newts of both sexes exhibited higher body condition than metamorphic newts at all sites, except males at sites B and C. The paedomorphic pathway thus appears to provide a significant advantage regardless of the varied characteristics of the aquatic and terrestrial habitats (elevation, area, depth, and types of surrounding terrestrial habitats).
When the stomach energy contents significantly differed, paedomorphic newts were at an advantage, with higher energy values in paedomorphs than in metamorphs. This occurred in two populations for females and in one population for males. Differences in energy content may be due to variation in prey selectivity for paedomorphs which foraged more frequently on zooplankton, and less frequently on terrestrial invertebrates than did metamorphs (Denoël & Joly, 2001a) . Despite the fact that the sampled stomach contents represent only snapshots of the diet of the newts, the analysis of their energy values converges with the results on body condition and body fat contents in showing the advan- tages taken by the newts engaged in a paedomorphic ontogenetic pathway. Laboratory experiments have also revealed higher capture success rates in paedomorphs than metamorphs for several aquatic prey types (Whiteman et al., 1996; Denoël, 2001) . Our results converge with the 'paedomorph advantage hypothesis' (Whiteman, 1994) , as paedomorphs exhibited better body condition than metamorphs in most of the studied populations and better fora-ging efficiency in half of them. However, this agreement with the 'paedomorph advantage hypothesis' could mask disparities among populations in the proximal mechanisms that induce paedomorphosis (high vs. low larval growth rates). At site B (lowland pond), paedomorphic individuals grow faster than metamorphs (Denoël & Joly, 2000) . They are thus more efficient than metamorphs in exploiting resources from the aquatic habitat and remain in this Table 2 for the significance of the differences between morphs. habitat while metamorphs leave water each year after the breeding season. Paedomorphs at site B also reach sexual maturity long before metamorphs, thus improving their reproductive lifetime fitness (Denoël & Joly, 2000) . In contrast, the advantage of paedomorphic individuals at site A (high-elevation lake) mainly lies in better body condition as both overall growth and age at maturity are similar between morphs (Denoël & Joly, 2000) . In such mountain lakes, one can thus expect that paedomorphosis is primarily promoted by low larval growth. The avoidance of the costs related to complex life cycles nevertheless allow paedomorphs to exhibit higher body conditions than adult metamorphs. As a consequence, larvae opting for paedomorphosis because of initial low growth rates may later draw some advantage from paedomorphosis (during both juvenile and adult stages), allowing them to counterbalance the initial size deficit. Body size can also affect the success of individuals as this trait is correlated with fecundity in salamanders (Semlitsch, 1985) . Paedomorphs were of similar size to metamorphs at one site, but were smaller than metamorphs at the others (Denoël & Joly, 2000; Denoël, 2001) . Despite better body condition, fecundity may be hampered by lower body size in progenetic paedomorphs. However, in such organisms with indeterminate growth and high adult survival and fecundity (Joly & Grolet, 1996; Kalezic et al., 1996; Denoël & Joly, 2000) , a slight decrease in the age at maturity may compensate for smaller adult body size (Kozlowski & Wiegert, 1986; Kozlowski & Uchmanski, 1987; Roff, 1992; Stearns, 1992) . In the smooth newt, paedomorphic females produce more eggs than metamorphic ones (Kalezic et al., 1996 ; Rot-Nikcevic, Kalezic & Dzukic, 2000) .
However, such a difference between morphs was not detected in the study of Alpine newt populations by Kalezic et al. (1996) . Moreover the possibility for a paedomorphic newt to undergo metamorphosis at any age (Denoël & Poncin, 2001 ) may contribute to increase lifetime reproductive success. Differences between morphs might then be related to costbenefit balances that are specific to the studied populations (Whiteman, 1994; Whiteman et al., 1996) .
Because body condition did not vary accordingly in both sexes, the modalities of paedomorphosis may not necessarily be similar for each sex, as previously outlined in ambystomatid salamanders (Whiteman, 1997) . High lipid storage may be more crucial for female fitness than for male fitness because of higher investment of females in gamete production (Pinder et al., 1992) . Similar observations have been made in dispersal polymorphisms in insects (Roff, 1984; Roff & Fairbairn, 1993) .
Higher storage of biological fuels probably contributes to the persistence of paedomorphosis as a valuable alternative tactic in urodele amphibians. By foregoing metamorphosis in harsh habitats, the newts take long-term advantages from the aquatic habitat and avoid the costs related to metamorphosis and habitat switching. This consideration of long-term advantages brings new elements to the theoretical conceptions of the ecology of amphibian metamorphosis (Wilbur & Collins, 1973; Whiteman, 1994) . These results highlight the role of local contingencies (suitability of aquatic vs. terrestrial habitats) on the success of different ontogenetic pathways. Probably, each taxon involved in the differentiation of alternative ontogenetic pathways indeed deals with specific local ecological constraints. Our study shows the interest of considering cost- benefit balance at different time scales to explain the maintenance of alternative phenotypes. Further studies that model population dynamics in integrating lifetime reproductive success should bring a new light on this evolutionary process.
